The underlying intracellular mechanisms involved in the fungal growth received considerable 12 attention, but the experimental and theoretical work did not take into account the modulation 13 of these processes by constraining microenvironments similar to many natural fungal habitats.
Introduction 37
Filamentous fungi dwell in many and various geometrically-heterogeneous habitats, such as 38 animal, human or plant tissue, 1,2 decaying wood, soil, and leaf litter. 3, 4 The ecological 39 ubiquity of filamentous fungi is, to a large extent, the consequence of their efficient search for 40 space available for growth, often in mechanically-constraining geometries. Furthermore, from the hyphal polarisation axis in the apical and subapical compartments (n = 852 microtubules 149 measured in 20 hyphae). Longitudinal orientation is more pronounced in the apical region, where the 150 microtubules also appear longer. c) Representative profiles of the microtubule density, calculated as 151 fluorescence pixel intensities, along the vertical lines drawn across the hypha in a). The hyphal 152
diameter, approximately 7 µm, was normalised to offset small variations at different sections through 153 the apical compartment. 154
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The lateral distribution of microtubules shows that while they populate the entire width of the 155 fungal hypha, i.e., occupying both cortical and central cytoplasmic regions, the filament 156 density is higher in the cortical region ( Figure 2c for internal control; Supplementary Figure   157 SI 07 for external control; Supplementary Table SI 02 and Supplementary Figure SI 08 158 present a statistical comparison between the two controls). The microtubules extend into the 159 apical dome, displaying a characteristic microtubule-depleted zone in the distal central region 160 that co-localises with the Spitzenkörper (Supplementary Movie SI 04). Long term imaging, 161 e.g., between 5 to 10 min, showed that microtubules occasionally traverse the Spitzenkörper 162 and frequently terminate at the apical cell wall. The estimated microtubule polymerisation rate 163 is 26.4 ± 8.6 µm s -1 (n = 412 from 98 microtubules). 164 Finally, the lateral branching behaviour is also very similar on agar and in closed/non- Collision with obstacles at shallow angles 173 We then investigated how imposing geometrical constraints can affect hyphal growth. The 174 geometry of the test structures ( Figure 1b ) presents a high density of various obstacles, such 175 as corners, channels, entries and exits from large chambers, thus providing opportunities for 176 Neurospora crassa hyphae to encounter various physical constrainments (also described 177 before 25, 26 ). At shallow angles of approach, i.e., lower than 35° relative to the surface, the 178 hyphae follows the contour of the obstacle, a process denominated as 'nestling'. Nestling i.e., after successive bends through the device, or with the increase in distance from the initial 205 branching point of the respective hypha (Supplementary Figure SI 16 ). Skewing of the apex 206 during nestling is also constant over time. The microtubule preferential distribution towards the wall opposing the direction of growth, 251 which resulted in specific 'cutting corners' patterns, is also present when Neurospora crassa 252 navigates channels that do not excessively constrain them, i.e., channel widths of 5 µm for a 253 hypha diameter of 5-7 µm (Supplementary Movies SI 07, and SI 08). the differential interference contrast image of a hypha. The hypha deforms the elastic PDMS slightly 307 from its original position (b3, b4). During the approach (a1, a2), the Spitzenkörper is located at apex 308 centre and the microtubules are organised longitudinally (c1, c2). Following the encounter, the 309
Spitzenkörper shrinks (a2) and ultimately disappears (a3), and the microtubules temporarily recede 310 from the apex region (c3, c4). Concomitantly, the apex grows uniformly (b3, b4). Finally, two new 311
Spitzenkörper form in the daughter branches (a5) and the microtubules resume their extension towards 312 both apices (c5). 313 314 Lateral branching from tightly constraining channels 315 Neurospora crassa branches with increasing frequency after prolonged bilateral constrain.
316
Loose constrainment within channels with a width smaller than the hyphal diameter and The intracellular mechanisms involved in fungal hyphal extension and branching have been 394 comprehensively described in the literature, and they are still the subject of elaborate studies.
395
However, the studies describing these intracellular processes have been so far invariably Our previous studies, which used the visualization of the growth of filamentous fungi 403 Pycnoporus cinnabarinus 25 , and later Neurospora crassa 26, 27 in PDMS microfluidics 404 structures, identified two behavioural traits, i.e., directional memory, and obstacle-induced 405 branching, which distinguish the growth in confined spaces from that on flat surfaces, and 406 which were proven to be efficient space-searching strategies. 25,28
407
To this end, the present study aims to describe the differences, and the similarities between Our previous experiments with Neurospora crassa 26 showed that the constrainment effects 483 affecting fungal growth in various microfluidics structures results in shortening the distance 484 between hyphal branching points by a factor between 5 and 10 (the growth rate also decreases 485 ten-fold). We also observed 26 that the branching of Neurospora crassa when colliding with an Spitzenkörper is created independently within the 'daughter branch', which is also observed 570 in lateral branching in non-constraining conditions. 63
571
The most evident difference between the lateral branching in tightly-constrained geometries 572 and that on flat surfaces is that the branching place and frequency is dictated by the 573 availability of lateral space, rather than triggered by an internal clock, as it appears to be the 574 case for non-constraining conditions. Moreover, there is a close temporal correlation between The study of the intracellular processes in somatic hyphae of Neurospora crassa that respond 679 actively to geometrical constraints imposed by a PDMS-based microfluidic structure revealed 680 how the Spitzenkörper-microtubules system is responsible for the directional memory in 681 navigating confining networks when hyphae encounter obstacles at shallow angles of contact.
682
This study also revealed that the Spitzenkörper-microtubules system is not modulating the 683 obstacle-induced hyphae collide near-orthogonally with obstacles blocking their growth, 684 suggesting that turgor pressure is the remaining candidate for the driving force. Finally, when 685 free space becomes available laterally from tightly-constraining channels, Spitzenkörper- wherein hyphae encounter a wall at near-normal incidence. In many instances, the hyphae 724 encounter the wall at a shallower angle (e.g., 45° or less, relative to the surface), which results 725 in a parallel 1D confinement. Additionally, in the case of 2D confinement, the channels can 726 be given various widths and shapes (e.g., straight, zig-zagged, or bent at various angles). 
